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INVESTIGATION OF THE 
CALIBRATION OF MICROPHONES FOR 

SONIC BOOM MEASUREMENT 

By John J. Van Houten and Ron Brown 
LTV Research Center, Western Division 

Ling-Temco-Vought, Inc,  

SUMMARY 

T h e  primary ob jec t ive  of this  inves t iga t ion  was t o  provide NASA 
w i t h  the t o o l s  necessary f o r  the p rec i se  c a l i b r a t i o n  of micro- 
phones t o  be used for  sonic  b o o m  measurement. Examination of 
the var ious procedures a v a i l a b l e  f o r  microphone c a l i b r a t i o n  
ind ica ted  t h a t  app l i ca t ion  of the electrostatic ac tua to r  technique 
and the use of an in f r a son ic  pistonphone would s a t i s f y  NASA's  

microphone c a l i b r a t i o n  requirements. These instruments provide 
the equipment necessary f o r  a comprehensive evaluat ion of micro- 
phones cu r ren t ly  being used by NASA a s  w e l l  as those which may 
be used i n  t h e  fu tu re ,  An N-wave s imulat ion of a sonic  boom by 
use of the e l e c t r o s t a t i c  ac tua to r  technique a t  l e v e l s  cons i s t en t  
with those pressures  cu r ren t ly  being measured i n  t h e  var ious sonic  
boom assessment programs w a s  a paramount goal of t he  study. An 
ac tua tor  system which provided a peak N-wave pressure a t  the micro- 
phone of 1 2 8  dB (re: 0.0002 dyne/cm2) or one pound per  square 
f o o t  and a va r i ab le  t i m e  dura t ion  of t h e  N-wave between 0.1 and 
0.4 seconds w a s  desired.  This r e p o r t  describes t h e  approach 
taken t o  m e e t  this goal and reviews the problems assoc ia ted  w i t h  

developing e l e c t r o s t a t i c  pressures  i n  t h i s  range. Furthermore, 
due t o  a low frequency def ic iency  i n  the electrostatic method 
of condenser microphone c a l i b r a t i o n ,  an in f r a son ic  pistonphone 
has  been provided as a labora tory  t o o l  t o  p e r m i t  microphone C a l i -  

b r a t i o n  over the complete range of frequencies of i n t e r e s t .  
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The system de l ivered  t o  NASA i s  capable of s inusoida l  evalua- 

t i o n  of t h e  frequency response and s e n s i t i v i t y  of a microphone 

over t h e  range of 0.01 Hz t o  above 20 kHz, Sinusoidal  Sound 

.Pressure Levels of 94 dB and 114 dB are achieved w i t h  t h e  

in f r a son ic  pistonphone and sound pressures  i n  excess of 1 2 8  d B  

a r e  obtained by use of t h e  e l e c t r o s t a t i c  ac tua to r  system de- 

veloped f o r  NASA. 

As a p a r a l l e l  e f f o r t  t h e  u s e  of weak  shock waves generated 

by conventional shock tube techniques i n  combination with an 

acous t i c  horn w a s  used t o  evaluate  the microphone response 

t o  a progressive shock wave. T h i s  technique provided a 

b a s i s  f o r  comparison of t h e  above mentioned c a l i b r a t i o n  

procedures w i t h  the more r e a l i s t i c  s i t u a t i o n  involved i n  a 

shock wave progressing over t h e  diaphragm of a microphone. 

The inves t iga t ion  ind ica ted  the compat ib i l i ty  between the 

microphone response t o  a shock wave progressing over t h e  

diaphragm and t h e  s teady s t a t e  response. The technique u t i l -  

i zed  weak shock waves w i t h  peak pressures  i n  t h e  range of 

approximately 140 dB o r  3 pounds per  square foo t .  

F i n a l l y ,  by app l i ca t ion  of the t o o l s  developed under t h i s  

study, a c a l i b r a t i o n  procedure evolved and has  been described 

f a r  u s e  by NASA. This procedure demonstrates the compati- 

b i l i t y  of s teady s t a t e  and t r a n s i e n t  response c h a r a c t e r i s t i c s  

of t h e  microphone and provides i l l u s t r a t i o n s  of idea l i zed  

N-waveform measurement c a p a b i l i t y  of c u r r e n t l y  ava i l ab le  

microphones and complementing instrumentation. 
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INTRODUCTION 

T h i s  report w a s  prepared by LTV Research Center under NASA 

Contract N o .  NAS1-5652. A number of ind iv idua ls  a t  LTV 

Research Center a s s i s t e d  i n  the work specified under the con- 

t ract .  M r .  B. R. Beavers acted as o v e r a l l  p r o j e c t  consul tant  

and reviewed each phase of the study. Messrs D. A. Robinson 

and T. E. Siddon a s s i s t e d  i n  developing and evaluat ing the 

a n a l y t i c a l  procedures. D r .  H, E. Dahlke and M r .  G. T. Kantarges 

w e r e  instrumental  i n  the development of the in f r a son ic  pis ton-  

phone and provided a s s i s t ance  i n  preparing t h e  equipment for 

use by NASA. 

The inves t iga t ion  of t h e  t r a n s i e n t  response of microphones 

cu r ren t ly  being used by NASA t o  measure the pressures  associated 

w i t h  sonic  boom phenomena consis ted of a two-phase program of 

study. Phase 1 involved t h e  simulation of dynamic pressures  

on a microphone diaphragm by the appl ica t ion  of an e l ec t ro -  

s t a t i c  force and the use of an in f r a son ic  pistonphone. T h e  

second phase was devoted t o  a study of t h e  generat ion of t r a n s i e n t  

pressures  u t i l i z i n g  b u r s t i n g  diaphragm techniques and weakened 

shock waves from acous t i c  horns. Microphones w e r e  subjected 

t o  these t r a n s i e n t  pressures  and compat ib i l i ty  of response 

between the e l e c t r o s t a t i c  technique and t h i s  direct  appl ica t ion  

of dynamic pressure has been shown. Both phases of the inves t i -  

ga t ion  demonstrated t h e  compat ib i l i ty  of s teady s t a t e  frequency 

response and t r a n s i e n t  response of t h e  t ransducers  being s tudied.  

Furthermore, d e t a i l e d  s p e c i f i c a t i o n s  of t h e  transducer character- 

ist ics as w e l l  a s  required c a l i b r a t i o n  procedures w e r e  developed 

for  microphones being used f o r  the assessment of sonic  boom 

pressures .  
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Methods of Cal ibrat ion 

Examination of t h e  v a r i e t y  of microphone ca l ib ra t ion  tech- 

niques which have been developed during t h e  l a s t  40 years  

revea ls  a broad cross  sec t ion  of devices  and techniques,  

Each plays an important r o l e  i n  def ining t h e  performance 

of a pressure t ransducer ,  Table I summarizes t h e  techniques 

which are m o s t  c l e a r l y  understood and ind ica t e s  t h e  range 

of sound pressures  and frequencies  which are general ly  

accepted as encompassing the u t i l i t y  of t he  procedure 

indicated.  The summary ind ica t e s  t h e  most usefu l  reference 

mater ia l  r e l a t i n g  t o  t h e  procedure described and attempts 

t o  i d e n t i f y  whether t h e  procedure i s  considered a primary 

standard o r  is based on comparison w i t h  a ca l ib ra t ed  micro- 

phone o r  secondary standard.  A l i b e r a l  i n t e r p r e t a t i o n  of 

t h e  information obtained has  been indicated.  However, i n  

actual  p r a c t i c e  the p o t e n t i a l  u t i l i t y  of t h e  var ious tech- 

niques i s  not  rea l ized .  For example, i n  the case of t h e  

e l e c t r o s t a t i c  ac tua tor  and ccmparison ca l ib ra t ion  techniques,  

l i n e a r i t y  of  response i s  general ly  not measured over a very 

broad9;range of sound pressures .  

The accuracy of each procedure has been indicated and must  

be q u a l i f i e d  s ince  it i s  an ind ica t ion  of t he  s ta te-of- the-  

a r t  and no t  necessar i ly  t h e  capab i l i t y  of an ind iv idua l  

laboratory which may perform t h e  procedure. The q u a l i t y  of 

each procedure i s  highly dependent on the  readout equipment 

and t h e  a b i l i t y  of t h e  experimenter t o  obta in  t h e  des i red  

prec is ion  ava i l ab le  within the accuracy indicated.  

4 
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Evaluation of a Microphone f o r  
Transient  Pressure Measurement 

A s  ind ica ted  i n  Table I,  a s i n g l e  measurement i s  i n s u f f i c i e n t  

t o  completely i d e n t i f y  the characteristics of a microphone 

over a broad range of pressures  and frequencies.  

t i o n s  of measurements r equ i r e  a knowledge of t h e  s e n s i t i v i t y  

of the t ransducer ,  l i n e a r i t y  over the range of pressures  of 

i n t e r e s t  and frequency response over a broad range f r o m  i n f r a -  

sonic  pressures  extending through the audio frequency range. 

The rise t i m e  and overshoot c h a r a c t e r i s t i c s  of t h e  microphone 

a r e  of i n t e r e s t  i n  examining t h e  c a p a b i l i t y  of the transducer 

fo r  a given t r a n s i e n t  measurement s i t u a t i o n .  For example, 

i n  the case of sonic  boom assessment, the rise time, over- 

shoot and f l a t  t o p  response t o  an idea l i zed  N-wave provides 

a direct  i l l u s t r a t i o n  of the  c a p a b i l i t y  of the transducer 

i n  a c t u a l  operat ion.  The response of the microphone t o  

progressive waves and a t  normal incidence a l s o  provides 

f u r t h e r  information regarding microphone capab i l i t y .  Various 

c a l i b r a t i o n  procedures and devices a r e  needed t o  provide the 

above mentioned information. These devices  include the 

electrostatic ac tua to r ,  pistonphone, and the app l i ca t ion  

of shock tube technology. A summary of t h e  c h a r a c t e r i s t i c s  

and t h e  devices  used i n  t he i r  evaluat ion i s  given i n  Table 11. 

I n  order t o  provide a f l e x i b l e  c a l i b r a t i o n  c a p a b i l i t y  f o r  

use i n  a labora tory  s i t u a t i o n ,  t h e  e l e c t r o s t a t i c  ac tua tor  

In t e rp re t a -  

6 



TABLE I I  - EVALUATION OF A MICROPHONE FOR TRANSIENT PRESSURE MEASUREMENT 

CHARACTERISTIC METHOD OF EVALUATION 

REFERENCE SENSITIVITY PISTON PHONE 

LINEARITY PISTON PHON E 

FREQUENCY RESPONSE 

MID & HIGH FREQUENCY 

LOWERCUTOFF FREQUENCY 

RISE- TIME, OVERSHOOT 

PROGRESS1 VE WAVE 

NORMAL INCIDENCE 

FLAT TOP RESPONSE 

ELECTROSTATIC ACTUATOR 

INFRASONIC PISTONPHONE 

SHOCK/EXPANSION TUBE 

ELECTROSTATIC ACTUATOR 

SHOCK TUBE 



and pistonphone methods of microphone evaluation were 

se lec ted .  These u n i t s  provide a b a s i s  f o r  supplying a 

measurement of s e n s i t i v i t y  with a primary standard,  t h e  

pistonphone. Linear i ty  of response i s  again measured 

by use  of t h e  pistonphone. The e l e c t r o s t a t i c  ac tua tor  

provides a b a s i s  f o r  measurement of steady s t a t e  response 

a t  low audio frequencies t o  wel l  above 20 kHz. I t  a l s o  

provides a method of subject ing t h e  microphone t o  both 

idea l ized  N-wave and s t e p  function pressures  f o r  evalua- 

t i o n  of r i s e  t i m e ,  overshoot and f l a t  t op  response character-  

i s t i c s .  

GENERATION OF ELECTROSTATIC PRESSURE 

Experimentation and ana lys i s  t o  e s t a b l i s h  t h e  maximum e lec t ro -  

s t a t i c  pressure which can be produced on a microphone ind ica t e s  

t h a t  a l e v e l  s l i g h t l y  i n  excess of 130 dB may be achieved. The 

primary l i m i t a t i o n  involves arcing a t  high p o t e n t i a l s  (voltage 

breakdown) across  t h e  a i r  d i e l e c t r i c  between t h e  e l e c t r o s t a t i c  

ac tua tor  and microphone diaphragm. This phenomenon places  an 

upper l i m i t  on t h e  pressures  produced e l e c t r o s t a t i c a l l y .  

The e f f e c t i v e  sound pressure on t h e  diaphragm of a microphone 

a s  produced by an e l e c t r o s t a t i c a l l y  driven p l a t e  i s  es tab l i shed  

by t h e  appl ica t ion  of Gauss' law. I t  i s  assumed t h a t  t h e  e l e c t r i c  

f i e l d  between t h e  p a r a l l e l  p l a t e s ,  cons is t ing  of t h e  microphone 

diaphragm and t h e  ac tua tor ,  i s  uniform and perpendicular t o  t h e  



plates. With these assumptions, it may be shown that the 
pressure on the diaphragm of the microphone is* 

kV2 P = 1.433 x - 
d2 

where P is the sound pressure (lbs/ft2), V is the potential 
between plates in volts, d is the spacing between plates in 
inches, and k is a dimensionless factor dependent on the 
geometry of the actuator. If the potential, V, consists of a 
large dc voltage, V O ,  and a smaller time dependent component, 
V, (t) , such that 

v = vo + v, (t) 

the pressure produced will be 

The term involving a steady state pressure on the diaphragm, 
V o 2 ,  has been dropped since it does not affect the apparent 
sound pressure of interest. If 

this term may be neglected and the pressure observed at the 
diaphragm will be linear in the time dependent portion of the 
potential across the plates. 

For a sinusoidal time dependent potential, the expression above 
for electrostatic pressure may be written in terms of a root- 
mean-square pressure and applied voltage in the form 

* The basic theory has been discussed by S .  Ballantine. (Ref. 1). 
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P = 2.87 x 10-10(@2 + 1/8) +i k%ms 
d2 

where @ is  the  r a t i o  of dc p o t e n t i a l  t o  t he  r m s  value of t he  t i m e  
dependent vol tage.  The parameter, @, r e f l e c t s  the  inherent  non- 
l i n e a r  d i s t o r t i o n  associated with t h e  e l e c t r o s t a t i c  ac tua tor  
technique being used. Constant d i s t o r t i o n  is achieved f o r  
constant  @ as indicated by Equation ( 3 ) .  The percentage of 
t o t a l  harmonic d i s t o r t i o n  is  given by 

x 100% 1 
1 + 2 f l p  D =  

Breakdown Voltage 

I f  it is assumed t h a t  a uniform e l e c t r i c  f i e l d  exis ts  between 
the  p l a t e s  of the  capaci tor  formed by the  ac tua tor  and microphone 
diaphragm, it i s  poss ib le  t o  es t imate  t h e  p o t e n t i a l  a t  which arcing 

(vol tage breakdown) w i l l  occur. (Ref. 2,3) . It  i s  extremely important 
t o  avoid t h i s  a rc ing  s ince  it i s  very l i k e l y  t h a t  damage t o  the  
microphone diaphragm w i l l  r e s u l t .  This damage i s  observed by 
d isco lora t ion  of t he  diaphragm a t  the  poin t  a t  which breakdown 
occurs.  S m a l l  holes  have been produced i n  the  diaphragm as  
evidenced by experimentation. Surface roughness, dus t  p a r t i c l e s ,  
and other  protrusions increase the  l ike l ihood of breakdown and 
decrease the  vol tage p o t e n t i a l  a t  which breakdown w i l l  occur. 

Experimental Ver i f i ca t ion  
of Actuator Response 

The pressures  predicted by Equation ( 3 )  have been v e r i f i e d  by use 
of t he  apparatus shown i n  Figure 1 and the  system components of 
Figure 2. Measurements w e r e  made using center-supported ac tua tors  

10 
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having diameters of 1/4, 1/2, and 3/4 inch. The measured vari- 
ation in pressure with actuator diameter indicates that the 
optimum diameter coincides with the active diameter of the micro- 
phone. No advantage in increased actuator diameter over that of 
the microphone is obtained. Positioning of the actuator relative 
to the microphone diaphragm was accomplished with a precision 
of 0.0001 inch with continuous adjustment of the spacing. 
Figure 3 illustrates the correspondence hetween measured and 
calculated electrostatic pressure. The measured data points 
corrected by application of the procedure discussed in Appendix I 
are also indicated. 

Figure 4 illustrates similar calculated pressures and shows the 
limitations imposed by (a) breakdown voltage, (b) ambient noise, 
and (c) the power amplifier maximum voltage output. 

In order to experimentally examine voltage breakdown, the R-C 
network indicated in Figure 1 is placed between the actuator and 
voltage supply. This network limits the power that may be 
dissipated in the conductor formed by the actuator and microphone 
diaphragm and therefore protects the microphone diaphragm from 
the previously mentioned arcing. 
resistor to dissipate the energy and a bypass capacitor to provide 
frequency compensation. Measurements indicated close agreement 
with the breakdown voltages predicted and indicated as a limitation 
in electrostatic pressure as shown in Figure 4. Figure 5 
illustrates the close correspondence between measured and 
calculated distortion as predicted by Equation (4). 

The network consists of a large 

N-Wave Response Studies 

The basic waveform associated with sonic boom pressures is 
identified as an N-wave transient. Application of this transient 

13 
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to the electrostatic actuator system of Figure 2 yields a 
pressure at the microphone diaphragm described by 

where V1 is the amplitude of applied N-wave voltage, 5 = t/T 
which is the ratio of real time to period of N-wave, and ~ ( 4 ; )  

is the unit step function and the remaining parameters have 
previously been defined. Figure 6 illustrates the deviation 
from the "ideal" N-waveform and that expected as a result of 
the nonlinearity introduced by the electrostatic drive and 
expressed by Equation (5). It is apparent that values of p, 
the ratio of dc to time dependent voltage amplitude, should be 
at least 10, Examination of the limitations imposed by available 
amplifier voltage indicates the desirability of increasing p to 
a value as high as 20. Hence, peak amplitudes on the order of 
75 volts are used with dc potentials approaching 1500 volts. 
It has been possible to achieve equivalent peak N-wave pressures 
of one pound per square foot with the system of Figures 1 and 2. 

This was accomplished with a peak N-wave amplitude of 60 volts 
and a dc potential of 800 volts. The actuator to diaphragm 
spacing was 0,004 inch. 

Figure 7 provides a comparison of the microphone response to a 
step function pressure simulated by use of the actuator and that 
of a simple mathematical model of a condenser microphone.* The 
relative response obtained indicates the rise time characteristic 
of the transducer to a normal incident wave front. Diffraction 

* For an example of a detail treatment of the dynamics of a 
condenser microphone, refer to P. M. Morse, Vibration and 
Sound, McGraw-Hill Book Company, (1948) p. 195. 
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around the transducer is not simulated by application of the 
electrostatic pressure. Therefore, the pressure response or 
response experienced by a transducer flush mounted is measured. 
Since this is the configuration being used by NASA, the measure- 
ment provides a realistic evaluation of the operational situation. 

Passive Analog of a 
Condenser Microphone 

Operational techniques have been applied to an analog repre- 
sentation of a condenser microphone. The analog consists of 
two linear resonances with variable damping and center frequencies 
as well as the low frequency rolloff characteristic of capacitive- 
type transducers. Laplace transforms of a linear system descrip- 
tion of this analog provide the frequency response or transfer 
characteristic of the simulated condenser microphone. This 
transfer function is operated on by both step function and 
N-wave transforms to establish the spectral content required to 
provide acceptable waveform simulation. To simplify the calcu- 
lations, a passive analog was constructed using high quality 
resistors, capacitors, and inductors to represent the various 
elements associated with the desired response characteristics. 
A schematic of this analog is shown in Figure 8. The sinusoidal 
frequency response of this system was measured directly as well 
as its time response to both step function and N-wave inputs. 
The results of this experiment are shown in Figure 9. Excellent 
agreement between the previously mentioned analysis and time 
response characteristic measured using the passive analog was 
obtained. Direct correspondence between time and frequency 
response of systems specifically being used by NASA have been 
obtained with the actual microphones of interest as well as their 
analog simulation. 
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Actuators f o r  
Laboratory and F ie ld  Cal ibrat ion 

Figure 10 i l l u s t r a t e s  t h e  technique of packaging an e l e c t r o s t a t i c  

actuator  f o r  laboratory and f i e l d  u s e  by NASA and ind ica tes  t he  

complementing equipment which provides the  required vol tage 

po ten t i a l s .  This device provides continuously va r i ab le  actuator-  

to-diaphragm spacing and w i l l  be used f o r  laboratory appl icat ions.  

In  an t i c ipa t ion  of t h e  need f o r  f i e l d  ca l ib ra t ion ,  t h e  pro tec t ing  

gpids  of a Photocon Pres su re  Transducer and a B&K Condenser 

Microphone were modified t o  permit t h e i r  use as  an e l e c t r o s t a t i c  

ac tua tor  a s  shown i n  Figure 11, Without a l t e r i n g  t h e  g r i d  

geometry, i t s  center  port ion was i so l a t ed  e l e c t r i c a l l y  from an 

outer  r i n g  which secures it t o  t h e  microphone. The center  port ion 

a c t s  a s  an e l e c t r o s t a t i c  g r i d  and may be at tached t o  t h e  previously 

mentioned e l e c t r o s t a t i c  dr ive  system. This  method of actuat ing 

a microphone f o r  f i e l d  use  has  a d i s t i n c t  advantage i n  t h a t  t he  

pro tec t ive  g r i d  need not  be  removed and t h e  p o t e n t i a l  hazards of 

damaging an exposed diaphragm a re  eliminated. 

I N F R A S O N I C  PISTONPHONE CALIBRATION 

The pistonphone provides an absolute  ca l ib ra t ion  of microphones. 

(Ref. 1). I t  generates  an a l t e r i n g  pressure above t h e  ambient i n  

a closed chamber by t h e  s inusoida lmot ion  of a pis ton.  The pres- 

s u r e  l e v e l  can be calculated very accurately from t h e  dimensions 

of t he  chamber and t h e  displacement and diameter of t h e  pis ton.  

Because t h e  enclosure dimensions m u s t  be small compared t o  t h e  

wavelength i n  t h e  chamber, t h e  pistonphone i s  a low frequency 

device with an upper frequency l i m i t  e s tab l i shed  by t h e  s i z e  of 

t h e  enclosure and t h e  r o t a t i o n a l  frequency of t h e  p is ton  dr ive  
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PRESSUR E TRANSDUCER 

MICROPHONE WITH C O I L  A D A P T E R  

Figure 11. Electrostatic Actuator/Protective Grid Assemblies 
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mechanism. The system recommended for NASA's microphone cali- 
bration requirements, Figure 12, provides either a sound pressure 
of 94 dB or 114 dB at frequencies to 10 Hz, 

The calculated Sound Pressure Level in the pistonphone chamber 
as a function of change in volume, AV, to the volume, VO, 
of the chamber is illustrated in Figure 13. This pressure is 
given by 

The amplitude of the sinusoidal volume change, AV, is determined 
by the piston displacement and the piston diameter, The atmo- 
spheric pressure is denoted by Po and y is the ratio of the 
specific heats of the gas in the chamber. The graph of Figure 13 
also contains the pressure associated with the second harmonic 
distortion. It indicates that the nonlinearity is significant 
only at extremely high Sound Pressure Levels and is not of concern 
for the unit provided for use by NASA. 

Equation (6) is correct only if the compression and expansion of 
the gas in the chamber are adiabatic. This is the case at high 
frequencies. At infrasonic frequencies with their long time 
period between compression and expansion, the process gradually 
converts to the isothermal case. A transfer of heat occurs in 
the chamber. This lowers the impedance of the chamber and as a 
result, the sound pressure generated is lower. 

The pressure decrease in the isothermal case is equal to the 
ratio of the specific heats of the gas in the chamber. This 
ratio is equal to 1-40 for air. At extremely low frequencies, 
an isothermal expansion occurs and the acoustic pressure in the 
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chamber i s  2.9 dB l o w e r  than a t  higher a d i a b a t i c  frequencies.  

The quest ion arises when working i n  the in f r a son ic  frequency 

range concerning the sound pressure  between the ad iaba t i c  and 

the isothermal case,  

This problem has  been s tudied  by severa l  i nves t iga to r s ;  the 

r e s u l t s  of these s t u d i e s  a r e  summarized i n  Figure 14 f o r  the 

pistonphone provided t o  NASA for  c a l i b r a t i o n  of microphones 

a t  i n f r a son ic  frequencies.  Bal lan t ine  considered the cooling 

e f f e c t  of the w a l l s  i n  h i s  publ ica t ion  of 1932 (Ref. 1). H i s  

r e s u l t s  agree with Daniels '  i nves t iga t ion  i n  1947 (Ref, 4) and 

those of Biagi and Cook i n  1954 (Ref, 5 ) .  Daniels inves t iga ted  

t h e  i n f i n i t e l y  long cyl inder ,  Biagi and Cook consider cy l inders  

with f i n i t e  length.  G e r b e r  r ecen t ly  provided an ana lys i s  f o r  

t h e  in f r a son ic  acous t i c  impedance of g a s - f i l l e d  chambers 

(Ref. 6 ) .  H i s  i nves t iga t ion  includes the e f f e c t  of the d r i v e r  

impedance on the chamber. 

The pistonphone provided t o  NASA has  a l o w  frequency l i m i t a t i o n  

of 0.01 Hz. A cor rec t ion  of 0.7 dB i s  required a t  t h i s  lower 

l i m i t  a s  shown by Figure 13. Since t h e  major i ty  of c a l i b r a t i o n s  

u t i l i z i n g  the i n f r a s o n i c  pistonphone w i l l  be a t  f requencies  

from 0.1 Hz t o  10 Hz, a h e a t  conduction cor rec t ion  w i l l  no t  be 

required.  

MICROPHONE RESPONSE TO 
PROGRESSIVE SHOCK WAVE 

The response of microphones t o  a shock wave progressing across  

t h e  diaphragm has  been examined i n  order  t o  e s t a b l i s h  t h e  

l i m i t a t i o n s  of the t ransducer  imposed by both f i n i t e  diaphragm 

size and sensing element dynamics. This examination included 
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experimentation and analysis with application of the expansion 
tube to generate weak progressive shock waves. 
utilizing the expansion tube provides a direct illustration of the 
finite size effect and basic limitations in transducer rise time 
response contributed by the sensing element. 

The experimentation 

Shock Wave Expansion Tube 

NASA's requirements involve the response of microphones to sonic 
boom phenomena with pressure amplitudes in the order of 140 dB 
or 3 pounds per square foot. 
pressures" or shock waves at these weak pressures with conven- 
tional shock tube techniques. However, the expansion tube, a 
combination of the shock tube and an acoustic horn, as shown in 
Figure 15, will permit the development of weak shock waves using 
compressed air and a bursting diaphragm as is done in the shock 
tube. The mechanics of this process are summarized in the 
characteristics diagram of Figure 16. This diagram illustrates 
the various waves and wave interactions which occur in the shock 
tube/horn combination. 
after diaphragm burst is depicted by the various characteristics 
in the x-t plane. 
is readily accomplished since predictable wave velocities are 
graphically represented by the slope of a line shown in the 
x-t diagram. Mathematical expressions for each characteristic 
of interest have been established by I. I. Glass (Ref.7) and G. B. 
Whitham (Ref .8) These expressions have been included in Figure 17. 
The notation used will be found in the List of Symbols, Appendix 11. 

It is not possible to obtain "jump 

The location of a wave at a given time 

The projection of wave motion on this plane 

The previously mentioned wave characteristics have been computed 
by Glass for the shock tube application over a broad range of 
shock strengths, Pzl. Computations have been made covering 
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A AIR INLET BURST DIAPHRAGM 

I 
COMPR ESSlON TUB E EXPANSION 

TUBE ACOUSTIC HORN 

DRIVER SECTION DRIVEN SECTION EXPONENTIAL EXPANSION SECTION 

SOLID BOUNDARY 
W 

I- 
4 

REFLECTED REFRAC 

POSITION 

Figure 16. Characteristics in the Shock Wave Expansion Tube 
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Figure 17. Characteristics in the Shock Wave Expansion Tube 
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t h e  shock s t r eng th  r a t i o s ,  P12, from 1 t o  3 a t  considerably 
f i n e r  increments than w e r e  reported by G l a s s .  These computations 
have been reported t o  NASA i n  an LTV Research Center, Western 
Division, Technical Report (Ref. 9 ) .  

The method of c h a r a c t e r i s t i c s  discussed by Whitham is required 
i n  the  expansion region through t h e  acous t ic  horn i n  order  t o  
p r e d i c t  t h e  s lope  of t hese  c h a r a c t e r i s t i c s .  Again, the p e r t i n e n t  
a n a l y t i c a l  expressions are shown i n  Figure 16. Computations have 
been made f o r  wave motion i n  this  exapnsion region a t  incremental 
changes of acous t ic  horn area (Ref.9). The s t r eng th  o r  pressure of t h e  
primary wave is  predic ted  from the wave speed by 

Calculat ions w e r e  made of primary wave s t r eng th  f o r  incremental 
changes i n  expansion tube a rea  and i n i t i a l  shock s t r eng th ,  P Z ~ .  

These provide a b a s i s  f o r  predetermining t h e  jump pressure  and 
t h e  area expansion required t o  achieve a given weak shock pressure.  

To inves t iga t e  the response of microphones t o  progressive shock 
waves, a system cons i s t ing  of a conventional shock tube and an 
exponential  acous t ic  horn has been fabr ica ted .  The system, 
Figure 14, u t i l i z e s  a horn having a 17-inch by 17-inch c ross  
sec t ion  a t  t h e  microphone loca t ion  and a length of 1 5  f e e t .  
The horn is  designed wi th  a l o w e r  cut-off frequency of 25  Hz. 
This horn is being dr iven by a shock tube having a 3-foot length 
of d r i v e r  s ec t ion  with a diameter of 1.4 inches. Cellophane 
diaphragms isolate  t h e  d r i v e r  s ec t ion  from t h e  dr iven tube. 
These diaphragms are punctured by use of a mechanically dr iven 
plunger. Experiments have been performed t o  e s t a b l i s h  t h e  
v a l i d i t y  of t h e  previously mentioned ana lys i s  and t o  inves t iga t e  
t h e  pressure-time h i s t o r y  of the shock waves generated. 
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Figure 18 i l l u s t r a t e s  t he  weak  shock wave s ignatures  obtained 
a t  the  microphone loca t ion .  The i l l u s t r a t i o n  of Figure 18 shows 
the  waveform fo r  t h e  bas i c  configurat ion corresponding t o  the  
c h a r a c t e r i s t i c  diagram of Figure 16. The amplitude of the primary 
wave, 3 pounds per  square foo t ,  is i n  reasonable agreement w i t h  t h a t  
predicted from the  preliminary wave ve loc i ty  a t  the  t h r o a t  of 
t he  horn fo r  the  expansion r a t i o  experienced. 

Ef fec t ive  Rise Time of a Microphone 
t o  a Progressive Shock Wave 

The e l e c t r o s t a t i c  force  appl ied t o  the  microphone simulates a 
pressure t r a n s i e n t  impinging normal t o  the  diaphragm. I n  ac tua l  
use, t he  angle of incidence may vary from normal t o  t h a t  of a 
p a r a l l e l  wave exc i t a t ion .  This l a t t e r  case,  t he  p a r a l l e l  inc i -  
dence of a progressive wave, was analyzed and compared t o  t h e  
response obtained i n  t he  shock/expansion tube t o  e s t a b l i s h  the 
microphone response t o  t h i s  wave d i r e c t i o n a l  extreme. Comparison 
of t h e  r i s e  time between th i s  extreme and normal incidence, 
Figure 7 ,  w i l l  provide a basis fo r  e s t ab l i sh ing  the  microphone 
response i n  the  v a r i e t y  of s i t u a t i o n s  encountered i n  the  f i e l d .  

The wave equation fo r  the  membrane with the  forcing funct ion,  F,  

descr ibing the  progressive shock wave such t h a t  

I F = [Pressure of " s t e p  wave" Area per u n i t  time 

/ 
which may be w r i t t e n  

t < O  

C 
2R O Z t L - -  

C 
-2R 
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MICROPHONE RESPONSE TO A PROGRESSIVE SHOCK WAVE 

I I .  I I 1 I I 

I I I I 1  i 1 I I I I 

RESPONSE OF 1” DIA. 
MICROPHONE IN SHOCK/ 
EXPANSION TUBE 

RISE - TIME RESPONSE 

Figure 18. Microphone Response to Q Progressive Shock Wave in the Shock/Expansion Tube 
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essentially defines the problem of interest. The area/time 
relation is best described in a rectangular coordinate system 
and by integrating the area covered by a line as it progresses 
across a circle of area Ao. This 

%=L. ( B -  1) 4- + 
A0 

as is indicated in Figure 3 as the 
this expression f3 = - ct where c R 

integration yields 

sin'l ( p  - 1) + - IT 
2 

Oth order approximation. In 
is the speed of sound, R 

is the diaphragm radius, and t is time. 

Direct application of this function, as shown in Figure 3 ,  yields 
the response of the microphone assuming it to respond as a very 
flexible membrane. This is not exactly its actual response. A 

more realistic evaluation of this situation evolves from the 
solution of the wave equation with the previously mentioned forcing 
function. The first order approximation is established by 
numerical integration of 

for the same forcing function as described for the Oth order 
approximation. These approximations, shown in Figure 19, are 
compared to the experimental result for a microphone currently 
being used by NASA for sonic boom measurement. This result 
clearly shows the linear response anticipated-the rise time 
being dictated by a fundamental diaphragm resonance described by 
Jok  (r) .* 

* P. Me Morse, Vibration and Sound, McGraw-Hill Book Company, 
(1948) p. 195. 
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Further examination of the response of microphones to progressive 
waves was accomplished using a variety of commercially available 
transducers having active diameters from 1/4 inch to two inches. 
The results of the response of these transducers to progressive 
waves is shown in nondimensional form in the illustration of 
Figure 20. Again the 1-inch diameter microphone used by NASA 
appears to provide the response most nearly approaching a simple 
resonant system. However, it is apparent by comparing the rise 
time to 98 percent of maximum response that the smaller, but less 
sensitive transducers, provide a closer representation of the 
progressive wave pressure. It is interesting to note that 
when subjected to a progressive wave, none of the transducers 
examined exhibited a marked overshoot characteristic. This 
is undoubtedly due to the high internal damping inherent in 
these transducers near their resonant frequency. 

RECOMMENDED CALIBRATION PROCEDURE 

Table I11 indicates the steps suggested for a complete calibration 
of a microphone system for steady state and transient pressure 
measurement. The four steps essentially indicate the various 
calibrations which may be made with the tools available to NASA. 
These steps are summarized as follows: 

Step 1 Initial calibration of the microphone system consists 
of checking the microphone sensitivity in the piston- 
phone (large volume for 94 dB SPL or small volume for 
114 dB SPL). 
required, a measurement at two frequencies within the 
flat portion of the passband is adequate. 

If only the microphone sensitivity is 

However, 
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TABLE 111 CALIBRATION PROCEDURE 

STEP PROCEDURE DESCRIPTION IN FORMATION DERIVED 

1A Infrasonic Pistonphone Calibration Microphone Sensitivity at 94 or 
(2 Frequencies in Passband) 114 dB S P L  

1B Infrasonic Pis tonphone Frequency 
Response (0.01 Hz to 10 Hz) 

2A ESA Frequency Response 
(0.1 to 20,000 Hz) 

2B ESA Sensitivity Calibration 
(2 Frequencies in Passband)  

3 ESA Complex Waveform Response 

4 ESA Environmental Measurements 

a. High and Low Pressure 
b. High and Low Temperature 
c. High and Low Humidity 

(fixed or variable frequency) 

Microphone Low Frequency Responce 
at 94 or 114 dB SPL 

a)  Electronics Low Frequency 

b) Microphone Pressure Response 
Response 

Microphone Sensitivity at Levels  
to 128 dB SPL for Comparison 
with Step 1 A  

N -Wave Response,  Rise  Time 
Characterist ics,  etc. 

Microphone Environmental 
Characterist ics 
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t h e  complete low frequency response f r o m  0.01 t o  10 Hz 
is  e a s i l y  confirmed by use of the in f r a son ic  pistonphone. 
The most usefu l  instrument for measuring the output  of 
the microphone system i s  an osc i l loscope  w i t h  response 
t o  dc. 

S tep  2 The microphone high frequency pressure response is  

e a s i l y  obtained by use of the e l e c t r o s t a t i c  ac tua tor .  
The microphone may be mounted i n  t h e  Micrometer Electro-  
s ta t ic  Actuator provided, the spacing adjusted,  and the 

ac/dc d r i v e  connected. A spacing of less than 5 m i l s  
(0.005 inch) should no t  be used except when low d r i v e  
vol tages  are applied.  W i t h  the system assembled, the 
frequency response from 0.1 ( l i m i t e d  by the  d r ive  system 
e l e c t r o n i c s  and t h e  microphone system e l ec t ron ic s )  t o  
20,000 Hz may be determined. To measure the frequency 
response,  an ex terna l  s i g n a l  generator  i s  required.  I t  

i s  a l s o  poss ib le  t o  ob ta in  a r a t h e r  accura te  measure- 
ment of the microphone s e n s i t i v i t y  i f  a known spacing is  
u t i l i z e d  by r e f e r r i n g  t o  Figures 3 and 4. 

S tep  3 With t h e  microphone i n s t a l l e d  i n  the e l e c t r o s t a t i c  
ac tua to r  device the response of t h e  microphone t o  complex 
waveforms may e a s i l y  be determined. An N-wave generator 
i s  b u i l t  i n t o  the c a l i b r a t i o n  equipment b u t  o the r  wave- 
forms may be used from ex te rna l  generators.  

S tep  4 Environmental measurements on the microphones may e a s i l y  
be performed using the e l e c t r o s t a t i c  ac tua to r s ,  both 
ad jus t ab le  and f ixed.  The f ixed  ac tua to r s  would normally 
be p re fe r r ed  i f  environmental extremes are encountered 
which may harm t h e  mechanism of t h e  micrometer. 
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CONCLUSIONS 

Excellent agreement between the t h e o r e t i c a l l y  es tab l i shed  

e l e c t r o s t a t i c  pressure and t h a t  obtained experimentally has 

been obtained, E l e c t r o s t a t i c a l l y  induced pressures  have been 

generated w i t h  both s inusoidal  and N-wave c h a r a c t e r i s t i c s  

approaching an amplitude of one pound per square foot .  Voltage 

breakdown caused by arcing a t  high p o t e n t i a l s  e s t a b l i s h e s  an 

upper l i m i t  on achievable pressure amplitude. I t  appears from 

t h e o r e t i c a l  and experimental examination of vol tage breakdown 

t h a t  it w i l l  not be poss ib le  t o  obtain pressure amplitudes 

much g rea t e r  than one pound per square foot .  The appl ica t ion  of 

t h e  e l e c t r o s t a t i c  ac tua tor  system developed f o r  NASA w i l l  provide 

both steady s t a t e  and t r a n s i e n t  c a l i b r a t i o n  of microphones 

cur ren t ly  being used. 

The recommended c a l i b r a t i o n  procedure i s  out l ined  i n  Table I a s  

discussed previously.  I n  terms of r e l a t i v e  importance, t h e  follow- 

ing sequence of c a l i b r a t i o n  should be performed: 

1. 

2. 

Microphone s e n s i t i v i t y  and low frequency response 

c h a r a c t e r i s t i c s  a s  es tab l i shed  by use of t h e  i n f r a -  

sonic  pistonphone i n  t h e  frequency range from 0.01 

t o  10 H z ,  

High frequency response c h a r a c t e r i s t i c  which i s  

es tab l i shed  by use of t h e  e l e c t r o s t a t i c  actuator .  

The steady s t a t e  frequency response of t h e  microphone 

may be determined a t  frequencies t o  20 kHz and sound 

pressures  approaching 1 pound per square foo t ,  A n  
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N-wave t r a n s i e n t  may a l s o  be produced t o  e s t a b l i s h  the  

capab i l i t y  of t h e  microphone system f o r  t h e  measure- 

ment of a sonic  boom pressure-time h i s to ry .  

3 .  Linear i ty  of microphone response a t  low frequencies 

may be es tab l i shed  by use  of t h e  in f r a son ic  pistonphone 

a t  sound l e v e l s  of e i t h e r  94 dB o r  114 dB. Also, t h e  

e l e c t r o s t a t i c  ac tua tor  system i s  capable of simulating 

steady s t a t e  o r  t r a n s i e n t  pressures  on t h e  diaphragm 

of t h e  microphone over a broad range of up t o  1 pound 

per square foo t .  

4. Detailed evaluation of t h e  r i s e  time, overshoot, and 

f l a t  top  response may be examined by use of the e l ec t ro -  

s t a t i c  ac tua tor  w i t h  both an N-wave o r  "step-function" 

t r a n s i e n t .  
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APPENDIX I 

Electrostatic Pressure for 
Actuator Nonparallel with Diaphragm 

To obtain sound pressures in the order of 1 lb/ft2, it is neces- 

sary to maintain actuator-to-diaphragm spacings of about 0.005 

inches. At this close spacing with normal design tolerances, 

it is quite likely that the actuator will not be exactly parallel 

with the diaphragm. The examine the effect of nonparallelism on 

the electrostatic pressure, it has been assumed that the micro- 

phone sensitivity is uniform over the diaphragm. Also, edge 

effects have been neglected. 

It is assumed that the following configuration exists between 

actuator and diaphragm. 
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Appendix I 

For t h i s  geometric arrangement, 

where 6 = average e l e c t r o s t a t i c  pressure on diaphragm, l b s / f t ”  

C = 1.433 x 10-l’ Kv2 

and V = p o t e n t i a l ,  v o l t s  

Hence, t h e  expression f o r  t h e  e l e c t r o s t a t i c  pressure i s  modified, 

s i n c e  l /d2 must  be replaced by 

It may be noted t h a t  f o r  d12 { < (d + d1)2  
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APPENDIX I1 
LIST OF SYMBOLS 

= area i n  the expansion region a t  s t a t i o n  n An 
Ao = cross  s e c t i o n a l  area of t h e  shock tube and acous t ic  

horn t h r o a t  

C = speed of sound 

c34+ 

c34 - 
= reflected r a r e f a c t i o n  wave leading edge ve loc i ty  

= r a r e f a c t i o n  wave t r a i l i n g  edge ve loc i ty  

c44 = r a r e f a c t i o n  wave leading edge ve loc i ty  

h = incremental change i n  expansion r a t i o  selected f o r  
numerical i n t e g r a t i o n  
r -I 

J 2 - p 2 )  (2p + 1 + M - 2 )  
Kn- 1 = + Y + 1 P 

Y - 1)M2 + 2 
2YM2 - ( y  - 1) w h e r e  p2 = ' 

L = d r i v e r  s ec t ion  length  

Mn 
M O O  = driven s e c t i o n  Mach number of primary shock wave 

= Mach number i n  the expansion region a t  s t a t i o n  n 

pl 4 = r a t io  of dr iven s e c t i o n  pressure  t o  driver sec t ion  
pressure  p r i o r  t o  diaphragm b u r s t  

p2 1 

(P l ) ,  = r a t i o  of upstream t o  downstream pressure across  the 
n 

= r a t i o  of upstream t o  downstream pressure across  the 
primary shock wave 

primary shock i n  the expansion region a t  s t a t i o n  

T = nondimensionalized t i m e  

t = t i m e  

u2 1 = r a t io  of d r i v e r  gas v e l o c i t y  t o  ambient sound speed 
i n  region 1 

X = nondimensionalized p o s i t i o n  

X = a x i a l  p o s i t i o n  i n  t h e  shock t u b e b o r n  combination as 
measured from the diaphragm loca t ion  

Y = r a t io  of s p e c i f i c  h e a t s  
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